Introduction
Substituent effects on the stereoselectivities of addition reactions to cyclic ketones have been investigated by several groups, and a number of models have been developed to rationalize the observed results.] For the majority of the systems studied so far the torsional strain transition-state model2 can explain the stereochemical outcome of the reactions, even though the effects of remote functionalization by polar groups are still intensely dis- Cyclic radicals a r e closely related to ketones topologically but have been studied much The largest body of information was obtained from carbohydrate radicals in addition and atom abstraction reaction^.^^^^ It was established that equatorial substituents adjacent to the radical center (@-substituents) lead to increased equatorial product formation, whereas axial substitution enhances the formation of axial products. The influence of remote functional groups on the diastereoselectivity through electronic effects has been investigated just recently.4c Another stereoelectronic effect was found to be of major importance in carbohydrates bearing the radical center a t C-1. In these systems the ring oxygen atom adjacent to the radical center leads to predominantly axial a t t a~k .~~.~ However, the detailed analysis of substituent effects is complicated by the large number of substituents present in carbohydrates. W e therefore decided to study the effects of ring substitution by investigating the reactions of mono-and disubstituted cyclohexyl radicals. (1) The cyclohexyl ring of 4-tert-butyl-3-methylcyclohexanone15 is known not to adopt a chair conformation with an axial methyl group because of steric compression between the ring substituents. To investigate the effect of an axial methyl group in the 3-position to the radical center (y-substituent), we therefore chose the more rigid decalin system 13. (1 1) 
Results
Preparation of Radical Precursors. The 4-tert-butylcyclohexyl halides5s6 and (4-tert-butylcyclohexy1)mercury bromide7 were synthesized following literature methods. Alcohol 1 was used as the starting material* for 4-tert-butyl-1 -methylcyclohexyl radicals.
This alcohol was converted to bromide 2 in high yield by reaction with dry HBr gas without isomerization. While cis-4-tert-butyl-cis-2-methylcyclohexanol (6a) can be separated from the mixture by column chromatography on alumina, the remaining three isomers were separated by MPLC. The separate alcohols were converted to imidazoylthiocarbonyl urethanes 4b-7b or to the iodides 4c-7c or the bromides 4d-7d as radical precursers.I2 Iodide 10 was synthesized in a three-step procedure. Ketone 9 was obtained by copper(1)-catalyzed addition of tert-butylmagnesium bromide to 2-cyclohexenone (8). Re- duction with NaBH4I3 and reaction with iodine, imidazole, and triphenylph~sphine'~ gave iodide 10. 
S n
This protocol has already been applied successfully to ketone transposition reactions in steroid systems.I7 Alcohol 12 was converted to radical precursors 13 as described above for alcohols 1 and 4a-7a.9J2 Addition Reactions to Alkenes All the addition reactions were carried out with the bromides, iodides, or thiocarbonylurethanes as precursors under standard tin hydride reaction conditions. The alkene was used in 2-10-fold excess with respect to the precursor and benzene or toluene were employed as solvents at 80-90 0C.18 I R * \/ Bu3Sn-H X = I, Br, CSI
The reaction mixtures were worked up utilizing K F or 12/KF treatment to remove tin compounds. Subsequent column chromatography yields the products as usually unpolar, colorless oils. Isomer ratios were determined by gas chromatographic measurements prior to workup. In cases in which this was not possible, the relative amounts of each isomer were determined by IH-NMR or inverse-gated I3C-NMR measurements after chromatography.
The stereochemical assignment of the isomers is mainly based on I3C-NMR data. By use of the I3C-NMR additivity method, spectra were calculated for the equatorial and axial isomers. The main differences are caused by y-effects in axial isomers, which shift the signals of axial substituents and the y-ring atoms upfield by 1&12 ppm. This allows the identification of all addition 
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same trend is observed in halogen abstraction reactions, where the assignments a r e again supported by ' H -N M R spectra.
In the case of the addition product of 4-tert-butyl-1-methylcyclohexyl radicals to fumaronitrile the solid isomers were separated and identified by X-ray crystal structure analysis. Literature data were only available for the adducts of 4 -t e r t -b~-tylcyclohexyl radicals to vinyl acetate.17 Stereoselectivities of reactions of the 4-tert-butylcyclohexyl radical have been determined for a variety of alkenes as listed in Table I . Results for addition reactions of disubstituted cyclohexyl radicals, including reactions of the cholester-3-yl radical obtained by Scheffold,zo are listed in Table 11 . Generally, all experiments have been repeated a t least once with a different concentration of tin hydride to exclude the possibility of unequal trapping rates of the equatorial and axial adduct radicals. Only in the addition reaction to vinyl acetate were larger amounts of oligomeric products observed in the G C spectrum. The experiment has therefore been repeated with different concentrations of vinyl acetate as well, but this did not change the observed selectivity by a significant amount. Deuterium-and Halogen-Transfer Reactions. Reduction of the cyclohexyl radical precursors was accomplished by adding the halide or thiocarbonylurethane to a refluxing solution of tri-nbutyldeuteriostannane in benzene together with small amounts of A I B N as initiator. For halogen abstration reactions the cyclohexanols were treated first with oxalyl chloride followed by addition to a benzene solution containing the halogen donor (CC14 or BrCC13) and N-hydroxypyridine-2-thione sodium salts9 In the case of chlorine abstraction, CClp was used as solvent. The selectivities obtained are collected in Table 111 .
Force Field for the Intermolecular Addition Reaction. Since the rationalization for the stereoselectivity in carbohydrate radical reactions is mainly based on steric grounds, we developed a ~~2 -p a r a m e t e r set for the calculation of transition states of the addition reaction of cyclic radicals to alkenes. A convenient starting point was provided by the transition-state parameter set for the intramolecular 5-hexenyl radical cyclization.2' In this reference the general procedure for the computation of selectivities is discussed as well.
Ab Initio Calculations. The force field for intramolecular radical cyclizations was based on a series of transition-state structures for the addition of hydrocarbon radicals to alkyl-substituted alkenes determined by a b initio methods.23 Since intermolecular radical addition reactions usually employ electron-poor alkenes, we conducted a b initio molecular orbital calculationsZZ on the transition states for the addition of methyl radical to crotononitrile and fumaronitrile. The results are shown in the upper part of Figure 1 together with the transition states for the addition to and a~r y l o n i t r i l e .~~ Comparison of the length of the forming bond in these four transition states readily demonstrates that the distance between the radical and the terminal olefin carbon atom is larger for transition states of electron-deficient alkenes by a t least 0.07 8, as compared to that of the ethylene transition states. The second feature, in which significant differences can be found, is the angle of attack. For alkenes unsubstituted at the attacked alkene terminus, the angle of attack is about 1 0 7 O . Methyl or cyano substituents a t this center reduce this angle by 2 -4 ' . Furthermore, this change is accompanied by an increase of the angle Cradical/Calkene/X from 9 0 ' for X = H to 97-98' for X = C H 3 or X = C N , where X is the substituent a t the alkene. Presumably substituents a t the attacked olefinic carbon atom repel the newly forming bond and by doing so reduce the angle of attack. The pyramidalization of the methyl radical and of the alkene center not being attacked are more or less constant throughout this series with substituted alkenes. As cyclohexyl radicals were studied experimentally, it was important to determine how the character of the radical influences the geometry of the transition state. For that reason the transition structures for the additions of isopropyl and tert-butyl radicals to ethylene have been calculated as well. In going from methyl to secondary and tertiary radicals, the length of the newly forming bond decreases and the pyramidalization of the radical and the angle of attack both increase. The pyramidalization of the olefinic center not being attacked and the angle Cradical/Caikene/H remain virtually unchanged and are independent of the character of the radical.
Comparison of the deformed methyl or terr-butyl radical in the ground state, the transition state, and the product radical for addition to ethylene reveal one more fact important for the stereochemical discussion of transition states: more than half of the deformation that occurs in both radicals on going from ground state to product radical has already occurred in the transition state. Thus, the notion of an "early" transition state should rather be used in an energetic and not necessarily a geometric sense, indicating that only little energy is needed to deform the reactants into their transition-state geometry. Deformation of the attacked olefinic center is less advanced in the transition state: one-third of the overall geometrical change has occurred.
Parameterization of the MM2 Force Field. In Figure 2 the transition-state model for the addition of cyclohexyl radicals to alkenes is shown schematically together with the MM2 atom type numbers.
Generally standard MM2 atom types have been used. New atom types have been defined only for the radical center and the alkene carbon atom involved in the reaction. As shown by the a b initio transition state calculations, the radical center and the olefinic carbon atom not attacked can be treated to a good approximation as Csp3 and CSpz carbons, respectively. It was, however, difficult to choose a value for the newly forming bond. A value of 2.34-2.38 8, would have been in accord with the a b initio results for the methyl radicals presented in Figure 1 . Optimization of the transition states with a larger basis set for some other systems showed24 that the range of bond length for different alkenes could be somewhat smaller as compared to the UHF/3-21G results. In addition, the distance between secondary and tertiary radicals and the olefinic carbon in the transition states seemed to be slightly shorter as for methyl radicals. We therefore chose a value of 2.27
A for the length of the forming bond together with the original force All the other bond lengths were kept at the values used for the intramolecular 5-hexenyl cyclization. The choice of bond angles has been much less problematic. The angle of attack varied between 102O and 1 loo for different alkenes and radicals as shown in Figure 1 . Calculation of selectivities with values ranging from 99' to 11 lo showed that this parameter had a very limited influence on the results obtained. We therefore employed an angle of 107.0O. Angles C29/C28/RI were then chosen according to the ab initio UHF/3-21G results. Thus, we used 90.3" C2,/CN. The force constants were again kept at their original values.*' As a final step the potential parameters for the atom and HS/CI/CB/HS were varied to minimize the energy difference between experimental and calculated selectivities. Selectivities were computed by first calculating all possible minimum-energy structures for the system under investigation. For the addition of radicals 14 and 15, six transition structures were found. For the addition of chiral radicals 16-20, 12 structures were found, even though a larger number of structures has been investigated. Transition structures with nonchair ring conformations have been checked for addition reactions of radical 17, but their energies were found to be much higher. All of the low-energy transition structures (within 3.5 kcal/mol) were then included in a Boltzmann distribution calculation at the temperature at which the selectivity to be computed has been determined experimentally. A vibrational analysis has not been performed and entropic contributions to the diastereoselectivity have been included only through the parameterization procedure, in which differences in M M~ strain energies are compared to experimental free energies (from product ratios).
The experimental results used for this purpose were taken from mlums 1,2, and 6 in Table 11 , and the selectivities for the additions of the 4-tert-butylcyclohexyl radical to acrylonitrile and crotononitrile were taken from Table I . The optimized potential parameters gave cyclohexyl rings somewhat flatter as compared to the situation with the original parameters.2' The calculated selectivities with this optimized parameter set are shown in Table  I1 in parenthesis together with the experimental selectivities. Furthermore, the force field was used to predict isomer ratios for the addition of a variety of alkyl-substituted cyclic radicals to different alkenes. As selectivities were predicted to be especially large for systems with axial substituents B or y to the radical center, we investigated experimentally the corresponding systems shown in columns 3 and 5 of Table 11 .
In addition reactions of the chiral radicals 16-19 to fumaronitrile and crotononitrile, the equatorial and axial addition products now consist of two diastereomers, which differ in their relative stereochemistry at the newly formed tertiary center. Thus, in the addition of radical 16 to crotononitrile and fumaronitrile, only equatorial addition product could be isolated, which consists of two diastereomers at C3 in a ratio of 5545 and 5446, respectively. The "face selectivity-therefore seems to be rather low. This is in accord with the force field predictions, which give diastereomeric ratios close to unity for all the reactions that have been investigated experimentally. As determination of face selectivity requires inversegated W-NMR measurements for all products, this aspect of addition stereoselectivity was not investigated further. 
Discussion
Acrylonitrile attacks the axial and the equatorial face of 4-tert-butylcyclohexyl radical (14) at about the same rate (Table   I ). It is somewhat surprising that the axial approach competes at all with the equatorial one since one should assume that axial transition states are hampered by 1,3diaxial interactions with the "bottom" face of the cyclohexyl ring. Inspection of the six MMZ-transition-state structures in Figure 3 reveals that interactions between the bottom side of the cyclohexyl ring and the alkene are especially large for the conformer in which the alkene double bond is located directly under the ring. This transition state is about 1 kcal/mol higher than the most favorable transition-state conformation and therefore contributes only little to the calculated selectivity. Since axial and equatorial products are formed in almost equal amounts, a compensating effect must be present to hinder the equatorial approach. On comparison of dihedral angle parameters in Figure 3 , torsional effects can be identified to a similar extent as found for the nucleophilic additions to cyclohexanones.' This torsional strain can best be viewed as the ring deformation indicated by dihedral angles C6/CI/C2/C3 and by the degree of staggering of adjacent bonds as indicated by the angle H8/C2/CI/H7. While the ring dihedral angle varies around 43" for the energetically favorable axial transition states, it has to be enlarged to 57-58O for the equatorial ones. This has to be compared to a value of 49" in the cyclohexyl radical.2s Partial eclipsing is seen for the H& and CI/H7 bonds. While in axial transition structures almost perfect staggering is found with a dihedral angle of 56O, the bonds are separated by only 42-44O in the equatorial transition states. The concept of torsional strain can be rationalized as well if the transition state for the addition of the isopropyl radical to ethylene is used to construct the possible structures for addition reactions of cyclohexyl radicals. As is pointed out with dashed lines in Figure 4 , the axial transition states for cyclohexyl addition can be generated by replacing the hydrogens gauche to the forming bond (and anti to the hydrogen atom bound to the radical center) by a chain of three methylene groups. As these two hydrogens are aligned in a parallel fashion, there is no strain induced into the ring.
Replacing the two hydrogen atoms anti to the forming bond by a trimethylene chain leads to a strained equatorial transition state since these two hydrogens point away from each other. This strain can be relieved by deformation of the ring, which in turn leads to eclipsing interactions at the radical center. It is indeed striking how closely the transition states for nucleophilic additions to cyclic ketones resemble the case of cyclohexyl radical additions to alkenes and how similar the isopropyl plus ethylene system is to the addition of LiH to acetone.' Effects of Alkene Substitution. The effects of substituents at the olefinic carbon atom that is attacked are shown in Table I . In each case the amount of equatorial product is enhanced, and the degree of enhancement depends on the size of the substituent. With the small cyano group the change in selectivity from acrylonitrile (e:a = 55:45) to fumaronitrile (e:a = 60:40) is only small. The effect increases with methyl substitution (e:a = 74:26 for crotononitrile and 73:27 for diethyl ethylidenemalonate) and becomes significant in the isopropyl case, where an e:a ratio of 88: I2 was found. The reason for this trend can clearly be identified on comparison of Figure 3 with Figure 5 , where the six M M~ transition states for the addition of the 4-tert-butylcyclohexyl radical (14) to acrylo-and crotonitrile are collected. From the first two axial transition states in Figure 3 , which have similar energies, only the first is left to contribute to the calculated selectivity in Figure 5 . In the second transition state the methyl group of crotononitrile is located directly under the ring, which elevates the energy relative to other conformers by more than 3.0 kcal/mol. This effect is much larger than the energy increase of about 1.4 kcal/mol for the second equatorial transition structure in Figure 5 .
a-Substitution at the Radical. The selectivities for the addition of the 4-tert-butyl-1 -methylcyclohexyl radical (15) to three different alkenes are given in the first column of Table 11 . Selectivities in intramolecular cyclization reactions of similar systems have been investigated by Curran and by Clive.4d Comparison with the corresponding results for the 4-tert-butylcyclohexyl radical (14) in Table I reveals that all three alkenes increase the amount of axial isomer in reaction with radical 15. Inspection of the three MM2 transition states shows that the axial transition states for the 4-tert-butyl-1 -methylcyclohexyl radical addition differ only slightly from those for the 4-tert-butylcyclohexyl system. In these structures the additional methyl group at the radical center occupies an equatorial position with almost perfect staggering with respect to the adjacent bonds. Transition states for equatorial attack, however, show large changes, since the methyl group now occupies an axial position, which leads to 1,3-diaxial interactions in all possible conformations. @-Substitution at the Radical. Moving the methyl group from the radical center to the equatorial position at the adjacent carbon atom leads to pronounced reduction of axial product formation (Table 11) . While the effect is quite significant already for acrylonitrile, only equatorial product can be found for alkenes substituted at the attacked olefinic center. Inspection of the M M~ model again offers an explanation. While equatorial transition states hardly change, the ring methyl group functions as an additional ring y-carbon atom for axial transition structures as depicted in Figure 6 .
Here, the six transition states are shown from the bottom side, which gives a clear view of the different possible orientations of the alkene relative to the cyclohexyl ring. From Figure 3 it already became obvious that structures like B and E, in which the double bond is located under the ring, are energetically less favorable because of steric interactions. The additional ring substituent now leads to a similar effect in structures D and C, where the alkene is oriented toward the methyl group. Only structures A and F remain to contribute significantly to product formation. In addition reactions to terminally substituted alkenes with X = Me, additional steric interactions have to be considered. Table V clearly showed, that the energy of transition structures is raised considerably, when a methyl group is positioned directly under the ring. In Figure 6 , this is the case in structures A and D. Additionally, structures B and F are hampered by a similar effect, since now the alkene methyl group is located next to the ring methyl group. Overall, there are no axial transition structures without considerable repulsive interactions. Consequently, only equatorial addition product is isolated, which consists of two diastereomers in a 1:l ratio differing in their relative stereochemistry a t the newly formed tertiary center.
It was expected from the stereochemical outcome of the carbohydrate radical reactions4 that axial substitution adjacent to the radical center should increase axial attack. This is indeed found for reactions of tranr-4-tert-butyl-2-methylcyclohexyl radical (17). The reason is a nonbonding interaction of the approaching alkene with the ring methyl group equivalent to 1,3-diaxial interactions for axial transition states.
y-Substitution at the Radical. As was shown in Table 11 , equatorial substitution by y-alkyl groups at the radical has no effect on the stereoselectivity. This is in contrast to axial substitution a t the same carbon atom, which leads, as predicted by the force field, to the largest effects encountered so far. Again the M M~ model offers a rationalization for this result, which concentrates on the axial transition state conformers. In the case of the crotononitrile addition to 4-tert-butylcyclohexyl radical (14) (Figure 3 , a methyl group positioned under the cyclohexyl ring increases the energy relative to the other conformers by more than 3.0 kcal/mol. That axial product is formed a t all is due to other transition-state conformations that do not have substituents located under the ring. In the case of the trans-10-methyldecalin-2-yl radical (19), the methyl group is fixed a t the bottom side of the ring, and consequently the energy of all axial transition states is increased considerably.
&Substitution at the Radical. The effect of equatorial substitution at the ring carbon atom 6 to the radical center has been included in the experimental results presented so far, since most systems utilized substituents in this position to differentiate between equatorial and axial addition products and to anchor other ring substituents into fixed positions. Substitution of the axial position a t the 6 carbon atom leads to a small but significant increase of axial addition product for both alkenes in Table 11 .
The MM2 force field indicates a flattening of the cyclohexyl ring, which should decrease the magnitude of 1,3-diaxial interactions and therefore increase axial addition. This effect has been found for nucleophilic additions to cyclohexanones as well, and an equivalent argument has been offered.' Stereoselectivity in Abstraction Reactions. Product ratios for abstraction reactions of substituted cyclohexyl radicals from tri-n-butyltin deuteride, bromotrichloromethane, and tetrachloromethane are given in Table 111 . On comparison with the results for the addition reactions in Tables I1 and I, a general trend to increased axial attack can be found, where chlorine abstraction shows the highest axial selectivity. Since torsional effects do not change considerably with the change of reagent, an explanation for the increased axial product formation has to be found in the change of 1,3-diaxial interaction. It seems therefore that the replacement of the CHR-terminus of the alkene against a smaller hydrogen atom or a halogen atom at larger distance leads to a decrease in 1,3-diaxial interaction.
Experimental Section
General. Gas 
-tert-butyl-I-methylcyclohexanol
After the flask is purged with nitrogen, a stream of HBr/gas is introduced until the white crystalline alcohol has liquified to a brown oil. The flask is evacuated and purged with nitrogen several times to remove all remaining HBr gas. The residue is dissolved in 100 mL of ether, washed with dilute bicarbonate solution and with brine, and dried over anhydrous MgS04. After evaporation of the solvent, the residue is purified by distillation (Kugelrohr). This yields 7.1 g (84%) of 4-tert-butyl-1-methylcyclohexyl bromide as a mixture of the 4-cis and 4-trans isomers in a 83:17 ratio. Stirring is continued for 12 h. The reaction mixture is poured onto an equal volume of crushed ice, and the organic phase is separated and washed with water and 2 N Na2C03 solution and again with water. After drying over anhydrous MgS04, excess o-cresol is distilled off by using a 20-an Vigreux column. Further vacuum distillation (125 OC/l5 Torr) yields 246 g (75%) of 4-tert-butyl-2-methylphenol.
4-tert-Butyl-2-methylcyclobe~nol. In a 2-1 autoclave are placed 329 g (2.0 mol) of 4-tert-butyl-2-methyIphenol, 20.0 g of freshly prepared Raney nickel, and 500 mL of ethanol and this solution is reduced for 12 h at 100 OC under a hydrogen pressure of 100 bar. After filtering off the catalyst and removing the solvent, 340 g (100%) of a mixture of the four diastereomeric 4-tert-butyl-2-methy1cyclohexanols 4a-7a is obtained. From this mixture cis-4-tert-butyl-cis-2-methylcyclohexanol (6a) can be separated by column chromatography on alumina by using pentane:ethyl acetate (9:l). The remaining three isomers are separated by MPLC chromatography on silica gel with hexane:ethyl acetate (5:l) as eluent.
[( cis-4'-tert-Butyl-cis/~~ -2'-methylcyclohexyl)oxyltbiocarbonyl~ imidazole (6b and 7b). In 10 mL of dry THF are dissolved 820 mg (4.81 "01) of a mixture of cis-4-tert-butyl-cis-2-methylcyclohexanol(6a) and cis-4-tert-butyl-trans-2-methylcyclohexanol (7a) and 2.0 g (1 1 .O mmol) of N,N'-thiocarbonyldiimidazole. After heating to reflux for 6 h, the solvent is evaporated and the residue is dissolved in CH2CI2 (100 mL). The solution is washed with 50 mL of water, 0.25 N HCI, dilute NaH-C 0 3 solution, and water again and dried over anhydrous MgS04. (C (CH,),) , 24.90 (C-6'), ) . Anal. Calcd for CISH24N20S: C, 64.28; H, 8.63; N, 10.00. Found: C, 64.12; H, 8.83; N, 9.90 . cis-4-tert-Butyl-cis-2-methylcyclohexyl Iodide (6c). A solution of 1.70 g (10 mmol) of trans-4-tert-butyl-t~u~-2-methylcyclohexanol (4a), 7.61 g (30 mmol) of iodine, 10.5 g (40 mmol) of triphenylphosphine, and 2.72 g (40 mmol) of imidazole in anhydrous toluene (100 mL) is heated to 60 OC for 4 h. After cooling the mixture is extracted with saturated sodium bicarbonate solution and dried over anhydrous MgSO4. The solvent is evaporated and the residue dissolved in pentane. After filtration of insoluble products the solvent is evaporated again and the residue purified by chromatography on silica gel with pentane as eluent followed by Kugelrohr/distillation (60 OC/O.2 Torr). This yields 1.65 g (59%) of cis-4-tert-butyl-cis-2-methylcyclohexyl iodide (6c). ' trsns-lO-Methyl-28-deealinoI (12). In 15 mL of glacial acetic acid is dissolved 2.23 g (13.4 mmol) of 10-methyl-trans-decalin-3-one (ll), and 2.14 g (13.4 mmol) of bromine in 5 mL of glacial acetic acid is added at 0 OC within 30 min. Stirring is continued for 15 min, and the reaction mixture is poured onto crushed ice. After extraction with 50 mL of ether, the organic phase is washed with brine and dried over anhydrous MgS04. After removal of the solvent, the residue is taken up in a mixture of 4 mL of water, 10 mL of dioxane, and 10 mL of methanol. At 0 OC, a solution of 300 mg (8.0 mmol) of NaBH4 in water (4 mL) is added within 30 min, and stirring is continued for another 30 min. The reaction mixture is poured onto cold 2% sulfuric acid, saturated with NaC1, and extracted with ether. After drying over anhydrous MgS04, the solvent is evaporated and the residue dissolved in 100 mL of dry isopropyl alcohol. After addition of 5.0 g of KOH the reaction mixture is heated to 50 OC for 90 min. The solvent is removed in vacuo, and cold water is added. Extraction with pentane, removal of the solvent and chromatography of the residue with pentane on aluminum oxide (activity 111 acc. 40.55 (C-9'). 32.56 (C-lo'), 29.80 (C-3'), 27.75 (C-6'), 26.24 (C-7'), -193, 100% ). Anal. Calcd for C14H22N20S: C, 64.70; H, 8.00; N, 10.06. Found: C, 64.50; H, 8.20 ; N, 9.81.
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Addition Reactions to Alkenes. General Workup Procedures. KF
Method. After cooling of the reaction mixture the solvent is evaporated and the residue is taken up in 20 mL of ether. An excess of potassium fluoride is added together with 2 mL of water. After it is stirred for 3 h at room temperature, the mixture is filtered through a pad of anhydrous magnesium sulfate. The solution is evaporated, and the residue purified by chromatography or distillation.
Iz/KF Method. After cooling of the reaction mixture, a solution of iodine in pentane is added dropwise until a yellow color remains. The solvent is evaporated and the residue is taken up in 20 mL of ether. An excess of potassium fluoride is added together with 1 mL of water. After stirring for 3-6 h at room temperature, the mixture is filtered through a pad of anhydrous magnesium sulfate. The solution is evaporated and the residue purified by chromatography or distillation.
Determination of Isomer Ratios. Isomer ratios were determined by GC measurements of the reaction mixture. Values reported are mean values over three measurements. A minimum of two experiments were performed. For the addition of the decalyl radical to acrylonitrile, four experiments under different conditions were performed. The GC selectivities found in these experiments were 97.0:3.0, 96.0:4.0, 97.2:2.8, and 96.4:3.6, showing a reasonable reproducibility even at analytically unfavorable isomer ratios. In all cases, normalization factors for different isomers have been assumed to be equal. Determination of isomer ratios by 13C NMR employed inverse-gated measurements on the reaction product after chromatography. Evaluation of the signals of equivalent carbon atoms in both isomers gave ratios with a variation of less than *5% (relative). Determination of the stereoselectivity for the addition of the 1-methyl-4-tert-butylcyclohexyl radical to crotonitrile gave the same equatoria1:axial ratio of 60:40 by GC and "C-NMR measurements. 'H-NMR spectroscopy has been used to determine isomer ratios for chlorides and bromides. Integration of the signals for hydrogen atoms geminal to the halogen substituents gave isomer ratios within 2% of the GC values. In bromine abstraction reactions, GC analysis of the reaction mixtures showed up to 3% elimination product not detected in the 'H NMR spectra. Typical examples for the determination of isomer stereochemistry as well as examples for 'H-and inverse-gated I3C-NMR determination of isomer ratios have been included in the supplementary material. added in portions within 90 min. After KF workup the residue is subjected to column chromatography using silica gel and pentane-ether (9:l) as eluent, which yields 155 mg (80%) of 3-(4'-tert-butylcyclohexyl) H, 12.15; N, 6.75. Found: C, 81.15; H, 12.40; N, 6.42 .
2-(4'-tert-Butyl-l'-cyclohexyl)ethyl
Ethyl ~(4'-te~-Butylcyclohexyl)-2-(ethoxy~rbonyl)propio~te. cis-4-terr-Butyl-1-cyclohexyl bromide, 658 mg (3.00 mmol), is dissolved in toluene (20 mL) and heated to 90 OC under argon. Then a solution of 1.30 g (4.5 mmol) of tri-n-butylstannane and 100 mg (0.61 mmol) of AIBN in toluene (6 mL) and a second solution of 774 mg (4.50 mmol) methylenemalonic diethyl ester in toluene (6 mL) is added within 140 min. After KF workup the residue is purified by chromatography on silica gel with pentane-ether (lO:l), which yields 398 mg (42%) of ethyl 3-(4'-tert-butylcyclohexyl)-2-(ethoxycarbonyl)propionate as a 44:56 mixture of the trans and cis isomers (by GC). IH NMR (300 MHz, CDCI,): trans isomer 6 0.82 (s, 9 H, C(CH3),), 0.88-2.00 (m, 12 H), C-2-H), 4.19 (q, 4 H, J = 7.1 Hz, C02CH2CH3); cis isomer 6 0.83 (s, 9 H, C(CH3)3), 0.88-2.00 (m, 12 H), 1.27 (t, 6 H, J = 7. 1 Hz, Hz, COICH~CH, ) . "C NMR (75.5 MHz, CDCI,): trans isomer 6 1.27 (t, 6 H, J = 7. 1 Hz, C02CH, CH, ) (CH,) ,), 14.14 (C02CH2CH3), 12.98 (C-4-H3); cis isomer 6 170.08 (C02CH2CH3), 50.68 (C-2), 48.50 (C-4 '1, 32.57 (C(CH,),) , 30.55 (Cl'), 30.36 (C-2'), 30.12 (C-3) , 27.53 (C (CH3)3), 21.61 (C-3' ), 14. mg (12.0 mmol), are dissolved in dry benzene (20 mL). After degassing with dry nitrogen gas the solution is heated to reflux and a solution of 1.31 g (4.5 mmol) tri-n-butylstannane and 35 mg (0.21 mmol) of AIBN in benzene (5 mL) is added within 20 h by syringe pump. Heating is continued for 3 h. After 12/KF workup the residue is purified by column chromatography on silica gel with pentane-ethyl acetate (19:l) as eluent. This yields 252 mg (38%) of a 40:60 mixture of cis-and rrans-3-(4'-tert-butyl-cis-l'-methylcyclohexyl)butyronitrile. ' 2-(4'-tert-Butyl-cis-l'-methylcyclobexyl)butyr~ini~le, 4-rerr-Butyl-1-methylcyclohexyl bromide, 935 mg (4.0 mmol), and fumaronitrile, 636 mg (8.0 mmol), are dissolved in benzene (25 mL). After degassing with a stream of dry nitrogen gas, the solution is heated to reflux. Tri-n-butyltin hydride, 1.75 g (6.0 mmol), and AIBN, 26 mg (0.16 mmol), in benzene (5 mL) are added within 10 min. Heating is continued for 1 h. Standard 12/KF workup and flash chromatography on silica gel with pentaneethyl acetate (1O:l) yield 608 mg (2.6 mmol) of unreacted 4-rerr-butyl-1-methylcyclohexyl bromide and 295 mg (32%) of 2-(4'-tert-butyl-cis-1'-methylcyclohexy1)butyrodinitrile as a mixture of the cis and trans isomers in a ratio of 43:57 (by GC and 'H NMR). The two isomers can be separated by further chromatography on silica gel with pentaneethyl acetate (13:l) as eluent. ' (C-l'), 37.03 (C-2'), 36.73 (C-3'), 32.28 (C(CH,),), 31.46 (C-6'), 29.17 (C-3), 27.48 (C(CH,),), 27.02 (C-5'), 20.31 (C-2'-CH3), 14.44 (C-2); (C(CH,),), 30.14 (C-6'), 28.89 (C-3'), 27.37 (C(CH,),), 20.77 (C-3), cis isomer 6 120.07 (CN), 48.17 (C-49, 37.46 (C-l'), 35.65 (C-2'), 32.41 20.47 (C-5') , 20.03 (C-2'-CH3), 15.75 (C-2). MS (EI): 207 (M').
Anal. Calcd for C,,H,,N: C, 81.09; H, 12.15; N, 6.75. Found: C, 81.05; H, 12.31; N, 6. 26.70 (C-5'), 24.23 (C-6'), 22.93 (C-2), 19.56 (C-T-CH,), 12.54 (C-4). High-resolution MS calcd for CI4H2'N2: 217.1705 . Found: 217.1706 24 t"-4'-tert-Butyl-tram-2'-methylcyclobexyl)butyr~trile. cis-4-tert-Butyl-cis-2-methyl-l-iodocyclohexane (&) , 840 mg (3.0 mmol), and fumaronitrile, 2.34 g (30 mmol), are dissolved in toluene (30 mL) and heated to reflux under nitrogen. Tri-n-butyltin hydride, 1.05 g (3.6 mmol), and AIBN, 50 mg (0.3 mmol), are dissolved in toluene (10 mL) and added with a syringe pump to the refluxing reaction mixture within 120 min. After general workup the low-boiling products are removed by Kugelrohr distillation (100 OC/l5 Torr) and the residue is purified by chromatography on silica gel with hexane-ether (8:2). This yields 204 mg (29%) of 2-(trans-4'-tert-butyl-trans-2'-methylcyclohexyl)butanedinitrile. Only the equatorial addition product is found, which consists of two diastereomers in a 54:46 ratio (inverse-gated I3C NMR). ' H, 12.15; N, 6.75. Found: C, 81.27; H, 11.86; N, 6.74 . 8 mmol) of fumaronitrile in benzene ( 5 mL). Heating is continued for 1 h. Then the reaction mixture is worked up as usual and the residue chromatographed on silica gel with pentane-ethyl acetate (5:l). This yields 120 mg (29%) of 3-(lO '-methyl- trans-2'a-decaliny1)butyrodinitrile as a mixture of the diastereomers at C-3. GC and GC/MS spectrometry show that the product contains one further isomer (<2%), with a mass spectrum identical with that of the main compound. 'H NMR (300 MHz, CDCI,): 2'a-isomer 6 0.87 (s, 3 H, C-IO 'CH,) , 0.9-1.6 (m, 12 H), 1.65-1.80 (m, 4-fert-Butylcyclohexyl Chloride. In 25 mL of CC14 is dissolved under argon 104 mg (0.25 mmol) of trans-4-terf-butylcyclohexylmercury bromide.' After the mixture is heated to 30 OC, a solution of 80 mg (2.1 mmol) NaBH4 in methanol (2 mL) is added at once. Stirring is continued for 30 min and the reaction is filtered through anhydrous MgS04. The solvent is evaporated and Kugelrohr distillation of the residue yields cis-and trans-4-tert-butylcyclohexyl chloride in a ratio of 23:77 (by GC and 'H NMR). Retention times and spectral data are identical with those of material prepared by a literature pr~cedure.~' trans-and cis -I-tert-Butyl-4-methylcyclobexsne. 4-tert-Butyl-1-methylcyclohexyl bromide (2) (91 5 mg, 3.9 mmol) and tri-n-butyltin hydride (2.33 g, 2.1 mmol) are dissolved in benzene (20 mL) and heated to reflux. Within 4 h a solution of 40 mg (0.24 mmol) of AIBN in benzene (5 mL) is added by syringe pump, and heating is continued for another 2 h. The reaction mixture is worked up according to the 12/KF method, and the residue is purified by chromatography on silica gel with pentane as the eluent. This yields 440 mg (73%) of trans-l-tert-butyl-4-methylcyclohexane and cis-1-terr-butyl-4-methylcyclohexane in a 89:ll ratio (by GC). Spectral data are identical with those published by Lambert et aL2* cis-and ~~-4-tert-Butyl-1-methylcyclohexyl Chloride. To 170 mg (1 . O mmol) of 4-tert-butyl-1-methylcyclohexanol in benzene (15 mL) is added 1 mL of freshly distilled oxalic chloride at room temperature. After stimng for 12 h, the solvent and excess oxalic chloride is evaporated and the residue is taken up in 5 mL of CCI4. This solution is added at reflux over 6 h to a suspension of 160 mg (1.1 mmol) of 2-mercaptopyridine N-oxide sodium salt and 4 mg (0.03 mmol) of DMAP in 100 mL of tetrachloromethane. After addition is complete, heating is continued for 1 h. The reaction mixture is filtrated through anhydrous MgS04. By GC analysis of the filtrate a ratio for the cis-4-tert-butyland trans-4-tert-butyl-1-methylcyclohexyl chloride of 92:8 is found. Products are identified by comparison of their GC and NMR data with those published in the literature.* cis -and trans -1-tert -Butyl-trens -3-methyl-4-deuteriocyclohexane.
[ [ (cis-4'-tert-Butyl-cis-2'-methylcyclohexyl)oxy] thiocarbonyl] imidazole (6b), 2.8 g (10 mmol), is dissolved in benzene (10 mL) and heated to reflux under argon. Within 3 h a solution of 4.9 g (17.0 mmol) of tri-n-butyltin deuteride and 360 mg (2.2 mmol) of AIBN in benzene (5 mL) is added with a syringe pump. After it is heated for 2 h, the reaction mixture is worked up according to the KF procedure. Kugelrohr distillation (90 OC/15 mbar) gives 610 mg (39%) of l-tert-butyl-3-methyl-4-deuteriocyclohexane as a mixture of the cis and trans isomers in a 56:44 ratio (by 2H NMR). ZH NMR (46.07 MHz, CHC13): cis isomer 6 0.91 (br s); trans isomer 6 1.77 (br s).
cis -4-tert-Butyl-cis-2-methylcyclohexyl Bromide (6d) and trem -4-tert-Butyl-treos-2-metbylcyclobexyl Bromide (4d). To 330 mg (2.0 mmol) of cis-4-tert-butyl-cis-2-methylcyclohexanol (6a) in benzene (1 5 mL) was added 2 mL of freshly distilled oxalic chloride at room temperature. After stirring for 12 h, the solvent and excess oxalic chloride are evaporated and the residue is taken up in 10 mL of toluene and 550 mg (2.8 mmol) of bromotrichloromethane. Within 6 h this solution is added at 80 OC to a suspension of 330 mg (2.2 mmol) 2-mercaptopyridine N-oxide sodium salt and 4 mg (0.03 mmol) of DMAP in toluene (50 mL). After addition is complete, heating is continued for 1 h. The solvent is evaporated and the residue is purified by flash chromatography on silica gel first with pentane and then with pentan-thyl acetate (101) as eluent. This yields 38% (1 77 mg) of cis-4-terr-butyl-cis-2-methylcyclohexyl bromide (6d) and trans-4-terr-butyl-t~uns-2-methylcyclohexyl bromide (4d) in a 51:49 ratio (by GC and 'H NMR). IH NMR (300 C-S 'CH,) cis-4-tert-Butyl-cis -2-methylcyclohexyl Chloride (6e) and trans-4-tert-Butyl-trens-2-methylcyclohexyl Chloride (4e). To 170 mg (1 .O mmol) of cis-4-terr-butyl-cis-2-methylcyclohexanol (6a) in benzene (1 5 mL) are added 2 mL of freshly distilled oxalic chloride at room temperature. After stirring for 12 h, the solvent and excess oxalic chloride are evaporated and the residue is taken up in 5 mL of CCI4. Within 6 h this solution is added at reflux to a suspension of 160 mg (1.1 mmol) of 2-mercaptopyridine N-oxide sodium salt and 4 mg (0.03 mmol) of DMAP in tetrachloromethane (100 mL). After addition is complete, heating is continued for 1 h. The reaction mixture is filtered through anhydrous MgS04, the solvent is removed, and the residue is purified by Kugelrohr distillation (140 OC/15 mbar) to yield 290 mg (77%) of 4-tert-butyl-2-methylcyclohexyl chloride as a mixture of the cis and trans isomers 6e and 4e in a ratio of 56:44 (by GC). IH NMR (300 MHz, CHI), 0.95-1.87 (m, 6 H), 1.20 (q, 1 H, J = 12.5 Hz, C-3-Ha,), 2.12 (dq, 1 H, J = 14.2, 3.3 Hz), 4.25 (9, 1 H, J = 2.6 Hz, CHC1); 4e 6 0.84 cis-4-tert-Butyl-tram-2-methylcyclohexyl Bromide (7d) and trans-4-tert-Butyl-cis-2-methylcyclohexyl Bromide (5d). cis-4-tert-Butyltrans-2-methylcyclohexanol (7a), 110 mg (0.65 mmol), and 3 mL of freshly distilled oxalyl chloride are stirred in benzene (10 mL) for 12 h at 20 OC. The solvent and excess oxalyl chloride are removed in vacuo and 149 mg (0.76 mmol) of BrCCll are added with benzene (6 mL). Within 5 h this solution is added at 80 OC to a suspension of 107 mg (0.72 mmol) of 2-mercaptopyridine N-oxide sodium salt and 3 mg (0.024 mmol) of DMAP in benzene (15 mL). Heating is continued for 1 h. Then the reaction mixture is filtered through anhydrous MgS04, the solvent is distilled off, and the residue is purified by flash chromatography on silica gel first with pentane and then with pentane-ethyl acetate Damm et al .   0  2  2  2  28  28  28  28  28  28  28  28  28  28  28  2  2  1 Calcd for CIIH21NBr: C, 56.63; H, 9.07. Found: C, 56.81; H, 9.15. cis -4-tert-Butyl-~-2-methylcyclohexyl Chloride (7e) and tram-4-tert-Butyl-cis-2-methylcyclohexyl Chloride (9). cis-4-tert-Butyl-trans-2-methylcyclohexanol ( 7 4 , 170 mg (1.0 mmol), in benzene (5 mL) are added to 1 mL of freshly distilled oxylyl chloride in 3 mL of benzene. After stirring for 6 h, the solvent and excess oxalyl chloride are removed in vacuo and the residue is taken up in 5 mL of CC14. 2-Mercaptopyridine N-oxide sodium salt, 164 mg (1.1 mmol), and DMAP, 8 mg (0.065 mmol), are suspended in benzene (15 mL) and a CC14 solution is added under reflux within 2 h. Heating is continued for 1 h. Then the reaction mixture is filtered through anhydrous MgS04, the solvent is distilled of, and the residue is purified by flash chromatography on silica gel first with pentane and then with pentane-ethyl acetate (l9:l). This yields 11 5 mg (90%) of cis-4-tert-butyl-trans-2-methylcyclohexyl chloride (7e) and tranr-4-tert-butyl-cis-2-methylcyclohexyl chloride (5) in a 86:14 ratio (by GC and 'H NMR). 'H NMR (300 MHz, CDC13):
Introduction
Over the past several years the photochemical reactions of chromiumxarbene complexes has been extensively developed in these laboratories. Photolysis of these complexes (visible light/Pyrex) generates a reactive intermediate that undergoes reactions common to ketenes, ' and this chemistry has been used to synthesize @-lactams? cycl~butanones,~ and a-amino acid esters4 (Scheme 1). In a n effort to extend the parallels between con- 
